I. INTRODUCTION
Solid state sintering is the critical step in the fabrication and development of ceramic, metallic and polymeric materials. It is a high temperature process during which a powder compact generally shrinks and decreases its pore volume, and increases its bulk density. From a thermodynamic point of view, solid state sintering is a thermally activated process during which an assembly of particles of equilibrium chemical composition decreases its total interfacial free energy by a larger decrease in the total solid-vapor interfacial energy relative to the total increase of the solid-solid interfacial, i.e. grain bound~ry, energy in the system by means of mass transport mechanisms. Therefore, the driving force for the process is this reduction of the total interfacial energy 1 of the system. Normally, the goal of solid state sint~ring is to develop at the lowest possible temperature a dense polycrystalline material with a controlled microstructure. In order to achieve this goal, an understanding of the fundamentals of the process is essential. This paper presents some models and derives kinetic equations for different isothermal sintering stages and conditions. 2 A separate paper presents an experimental application of the derived equations to the sintering of an MgO powder.
II. NATURE OF SOLID STATE SINTERING
The solid state sintering process during which shrinkage occurs can be divided into three stages: initial, intermediate and final.
1 The formation of a framework of particles by formation of grain boundaries at particle contacts has been occasionally referred. to in the literature as the initial stage, but it will be here classified as the preliminary The equilibrium dihedral angle at this point can be expressed by ysv 2 cos % .
During continuing shrinkage, however, it can be seen that ¢ starts at -6-0° and increases until ~ is reached; the corresponding transient value eq for the left term starts at 2 and decreases until the value for (y /y ) is reached, which is represented in Eq. (1) . A thermodynamic ss sv eq driving force for mass transport by step (1) then exists as long as the dihedral angle is not at equil2brium, and can be expressed as oG sys
OG becomes zero in both Eqs. (1) and (3) when the equilibrium dihedral sys angle is reached; no further shrinkage then occurs.
The with an equilibrium dihedral angle builds up quickly and is maintained due to a faster step (1) . The resulting reverse curvature of the free surface in the neck region becomes the source of the thermodynamic driving force for mass transport in step (2) than controls the kinetics.
The resulting mass transport to remove the curvature causes ~ to be eq upset which immediately is brought back to equilibrium by a faster step (1) process. When the reverse curvature is eliminated, the equi- 
V. ASSUMED GEOMETRY FOR THE MODELS
In determining mass transport by diffusion or shear flow, it is necessary to take into account variations in vacancy concentration gradients that the controlling mass transport step is dependent upon.
These are dependent upon the distances of movement along the contact (9) planes or grain boundaries during step (1) which increase with shrinkage and along the free surface regions during step (2) which can conveniently be expressed in terms of grain size and porosity.
It is assumed that the individual grains will have a uniform average size and an average shape. The developing shape during the initial stage is determined by the degree of packing or the number of contacts that an individual particle has. The ultimate final shape formed by grain boundary motion is represented by the polyhedron tetrakai-decahedron which is a truncated octahedron with 14 faces, 36 edges and 24 corners, as shown in Fig. 2 , because it has the smallest interfacial area in a polycrystalline compact for a given grain size.
The configuration is formed directly, and thus most readily by a starting body-centered cubic packing of uniform-sized spheres; the 8 near· neighbor contacts for a given sphere cause its conversion to an actahedron shape which transforms to the truncated shape when contacts are made with the 6 second neighbors and .closed pores develop representing
the final stage. The development of sintering equations is based on this configuration.
Cob1e
10 showed that the relationship between the volume of the polyhedron, V 1 , its edge length, ~ , and average grain size, G, can po y p be expressed as (10) During the open pore stages, it is assumed for calculation purposes that the pores or voids are essentially cylinders lying along the to-be three-grain edges of the polyhedrons. The volume of cylindrical pores associated with each grain can be expres·sed as
where r is the radius of the cylindrical pore. Therefore, the porosity 
transport process is the kinetic controlling step as outlined in Section II. The basic transport mechanism for a given controlling step is where Dv is the vacancy diffusion coefficient, and DB is the bulk (14) 
If it is assumed that during the initial stage of sintering ~a. = y /r 
where D b is grain boundary diffusion coefficient, D b is grain boundary
diffusion coefficient of vacancies, and w is the grain boundary width.
The creep rate due to material flow along grain boundaries, 
..;.14- 
...
.. Grain growth upon pore closures and subsequent annealing is due to anisotropy· of surface and grain boundary energies, curvature of grain boundaries, and nonequilibdum solid/solid/solid dihedral angles formed during the sintering process. 
